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ABSTRACT
The present analysis deals with the problem of energy supply under the hot climate
conditions such as for the Maroua city in far-north of Cameroon using a parabolic trough solar
collector (PTSC). The coupling heat conduction equations in the glass envelope, absorber
pipe and the cooling fluid are solve to establish the influence of the cooling fluid, using the
fully implicit finite volume method (FVM). Three heat transfer fluids were considered: air,
liquid water and synthetic oil (TherminolVP – 1™). The present study revealed that in the
individual installation of a PTSC, the one axis polar East – West tracking system was most
desirable for a parabolic trough solar collector throughout the whole year. It is found that the
liquid water is the best cooling fluid as it presents many advantages: low cost and good
thermal performance. However, for very high temperatures application the use the synthetic
oil is suitable.

Key words: parabolic trough solar collector, finite volume method, cooling fluid, hot climate,
far-north of Cameroon.
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RESUME
L’objectif principal de ce travail est de concevoir de modéliser et de simuler les
performances optiques et thermiques d’un capteur solaire cylindro-parabolique dans les
conditions climatiques de Maroua, ville située de la région de l’Extrême – Nord du
Cameroun. Pour mener à bien cette étude, une méthodologie basée sur la modélisation
mathématique des phénomènes optiques et thermiques aussi bien au niveau du capteur ou
réflecteur et du récepteur tubulaire a été adoptée. Cette méthodologie s’est également appuyée
sur une analyse numérique basée sur la méthode des volumes finis (FVM) pour discrétiser le
problème aux dérivées partielles et la méthode de Cholesky encore dite TDMA pour résoudre
le système algébrique obtenu.

Un programme de

simulation informatique écrit sous

FORTRAN 77 a été développé. Ce programme de simulation a été validé par des données
expérimentales et un autre modèle numérique, d’excellents accords ont été observés. La
présente étude a démontré que dans un montage individuel (Prototype expérimental de
SANDIA par exemple), le système de poursuite Est – Ouest polaire à un axe est le plus
souhaitable pour un concentrateur cylindro – parabolique durant toute l’année. Trois fluides
de travail ont été numériquement simulés, l’air, l’eau et une huile synthétique (TherminolVP –
1TM). L’eau s’est avérée être le meilleur fluide caloporteur.
Mots clés: Concentrateur Cylindro – Parabolique, Maroua, FVM, TDMA, FORTRAN 77,
SANDIA.
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INTRODUCTION
Africa has an exceptional solar resource that can be harnessed for electricity generation
and for thermal applications. The desert regions of north – Africa and some parts of southern
and east Africa enjoy particularly long sunny days with a high intensity of irradiation.
Sahelian and tropical conditions also feature strong solar irradiation as shown by the Africa
solar chart of appendix A [1]. The far – north region of Cameroon is blessed with a very
important renewable, and more particularly solar, energy potential [2, 3]. For instance, at
Maroua, actual solar potential can be up to 3490.86 hours or 1933.07 kW.h.m-2 per year [3]
and the insolation from the Africa solar chart is around 5.5KWh/ m-2/day [1]. In this areas,
with high solar irradiation, the electric power generation by solar thermal power plants could
contribute significantly.
Solar concentrator technologies have made considerable progress over the years and
recent achievement have contributed to further increasing the recognition of solar power as a
potentially viable source of renewable energy. A simplified model of a concentrating solar
power (CSP) plant is depicted in the following figure. It can be seen from this figure that, it is
an essential requisite for solar thermal power plants and high – temperature solar chemistry
applications to make use of optical concentration devices that enable the thermal conversion
to be carried out at high solar flux and with relatively little heat loss [4].

Figure I.1: Flow diagram for a typical solar thermal power plant [4].
1

Concentrating solar power (CSP) plants employs reflector panels (mirrors) to
concentrate direct solar irradiation into a focal region where a receiver is situated. The
circulating heat transfer fluid is used to drive a subsequent conventional power plant process.
Concentrating solar systems for the generation of electricity, heat and fuel employ sun
tracking reflector to concentrate direct solar radiation onto a receiver as show in the flow
diagram above.
Depending on the type of the reflector it is distinguished between line focus systems
(parabolic trough and linear Fresnel systems) and focus systems (solar tower and dish
systems), as it can be seen in figure I.2.

Figure I.2: Schematic diagrams of the four types of the reflectors [4].

There are various applications of parabolic trough solar collectors such as industrial
process heat, solar chemistry, domestic hot water, distillation or water desalination, airconditioning or refrigeration. The following present the most common applications.

2

Figure I.3 shows a coupled linear concentrator system (parabolic trough and linear Fresnel
reflectors). It consists of a large field of mirrors that track the sun and focus the sunlight onto
a linear receiver tube. The receiver tube contains a heat-transfer fluid that is heated by the
sunlight and used to create steam, which is used in a conventional steam-turbine power cycle
to generate electricity [4, 5]. The receiver tube is usually contained in a larger clear tube that
is evacuated so that convective heat losses are minimized within the vacuum chamber.
Thermal energy storage can be implemented in linear concentrator systems so that excess
thermal energy can be used to produce steam during non-solar hours.

Figure I.3: Illustration of linear concentrator system power generation [5]

Figure I.4 shows PTSC water flow diagram in the desalination system. Parabolic
trough solar collector technology can be utilized to desalinate seawater since it is abundant in
many parts of the world. The desalination system is composed by mirror collector (PTSC),
solar energy absorption system, steam – brine separation vessel, heat exchanger. There are
two categories used to desalinate water.
 Direct collection system
 Indirect collection system
The first category uses PTSC directly to desalinate salt water. The salt water is pumped
through the troughs, and as it flows, separation of salt and fresh water is achieved.
The second category requires two sub – systems; one for energy collection represented
by PTSC and the other for desalination. A Heat Transfer Fluid is circulated inside the
PTSC and provides the required heat to a steam boiler while salt water is pumped
through the steam boiler and condensed to produce fresh water [6 - 8].
3

Figure I.4: Solar desalination system [6]
There are several options that can integrate PTSC with refrigeration systems.
Absorption units powered by PTSC are an example of solar refrigeration with two most
common combination of fluids used; lithium bromide-water (LiBr - H2O) and ammonia –
water (NH3 - H2O).

Figure I.5 shows a schematic of a thermally driven absorption

refrigeration system.

The major components of the system are absorber, generator,

condenser, evaporator, heat exchanger, pumps, and expansion valves [9]. In the generator,
heat is added to the refrigerant by the PTSC, the refrigerant vapor exiting the generator flows
to the condenser where heat is rejected. Then, the liquid flows through an expansion valve to
reduce the pressure. In the evaporator, the heat from the evaporator load is added to the
refrigerant, converting the liquid to vapor. The refrigerant vapor is absorbed by a weak
solution, resulting in a strong solution. There is a heat rejection in the absorber due to
changing the refrigerant vapor to liquid. The liquid pressure is increased to the condenser
pressure using a liquid pump. The strong solution is preheated in a heat exchanger using
warm weak solution flow from the generator. Then, it goes into the generator, and it is heated
by solar field.

Meanwhile, the weak solution passes to the absorber through the heat

exchanger and expansion valve [8].

Figure I.5: Basic principle of the absorption air conditioning system [8]
4

A concentrating solar collector can be combined with thermal energy storage, creating
a system in which solar energy is collected and stored in the form of latent heat for use at a
later time to produce hot water [10, 11]. Figure I.6 shows the diagram of the water heater
system. It can be seen the flow path for the heat transfer fluid and the flow direction and
temperature difference for the incoming and outgoing water streams. Figure I.6 also shows the
direction of thermal losses for each of the major subsystems, as well as where solar thermal
energy enters the systems.

Figure I.6: Solar hot water heater system diagram [10]
In the context of Cameroon, it is well known that, today is in need of generating power
at higher rate to maintain adequate supply of electricity to users for development and growth
of Nation. Non-renewable energy sources like petroleum, and renewable energy source like
hydraulic products are the widely sources utilized for power production. To reduce the gap
between demand and supply of energy and maintain sustainable development, solar
energy sources need to be considered as an alternative source of energy. The solar
energy has been identified as one of the promising energy source which can be used directly
(photovoltaic panels) or indirectly for generation of electricity, hot water and power.
Otherwise, the use of solar thermal technology for the generation of electricity and industrial
heat process is not given much attention for our knowledge in Cameroon. Moreover, amongst
all CSP plant technologies the parabolic trough solar concentrator (PTSC) concept is the one
that is technically most mature and commercially well deployed. Therefore, it is the most
implanted one worldwide.
5

The scope of the present work is an attempt to simulate the parabolic trough solar
collector from thermal and optical point of view, considering the simultaneous hourly
profiles of solar radiation, ambient and sky dry-bulb temperature, and wind speed during
the sunshine period for specific geographical location. Therefore, a computer program is
constructed and presented as simulator to predict the performance of the parabolic trough
solar collector with varying operating, design, and weather conditions.
Then, the main objectives include:


Design a prototype of a parabolic trough solar collector.



Estimate solar irradiance, optical modeling and the development of the solar concentrator
capable of continuously tracking, concentrating, and focusing the solar radiation, and
transmitting it to the work piece.



Heat transfer analysis and numerical simulation of a parabolic trough solar collector.

The study is based on a mathematical modeling of the parabolic trough solar collector. Heat
balance has been established respectively on many heat transfer fluids, the absorber tube and
the glass envelop, using the principle of energy conservation. The model has been solved in
order to reach minimal thermal losses through the PTSC, and maximum optical and thermal
performance efficiency.
The work is organized in three chapters.
The first chapter concerns the state – of – the – art, in several areas pertinent to the
study, a substantial amount of published literature has been critically reviewed and
summarized. The components of the PTSC are also briefly evoked.
Chapter two discusses first, some useful geometrical relations concerning the design of
the PTSC, the discussion about the radiation falling on the earth, including solar angles,
extraterrestrial and terrestrial radiation, and a Capderou’s model has been developed to
estimate the amount of solar radiation that hits the earth depending on several factors in the
second part of this chapter. Finally, the thermal model of the PTSC is detailed. All heat
transfer equations and correlations have been applied and implemented.
Chapter three presents the results of the modeled PTSC; a validation of the theory is
indicated as well.
The work is ended with a conclusions and further works.
6

CHAPTER 1: LITERATURE REVIEW
INTRODUCTION
Extensive study is being dedicated to making solar radiation applications more efficient
and introducing the utilization of solar energy into new technologies. Solar concentration
technologies have made considerable progress and can be applied not only to generate costeffective electricity, but also to provide the energy need in other applications for industry in
general. Some relevant theory aspects of solar concentration are discussed briefly in this
chapter.
1.1 LITERATURE REVIEW OF MODELS
He et al [12] established a coupled simulation method based on Monte Carlo Ray Trace
(MCRT) and Finite Volume Method (FVM) to solve the complex coupled heat transfer
problem of radiation, heat conduction and convection in parabolic trough solar collector
system. The fluid flow is considered turbulent and in steady state. Then, the coupled method
was used to simulate the LS – 2 Solar Collector for method verification. And the outlet
temperatures of four cases were counted out and compared with Dudley et al.’s report data.
The comparison results show a good agreement with the available results.
Horst [13] provided a model which can calculate the electrical output of CSP parabolic
trough plants for several locations in North Africa. The first part of his work presents a model
estimating suitable locations for CSP plants in North Africa and calculating the electrical
output of CSP plants. Several criteria’s for land use, annual irradiation and infrastructure, are
processed, and rules for depositing CSP plants were specified. His work also focused on how
the CSP plants can support a 100% renewable energy system in Germany in the year 2050.
Kumar [14] carried out the evaluation of solar insolation in terms of monthly average
hourly global radiation in Patna on 10th April, 2013. On the basis of this solar energy flux,
comparative study of the instantaneous efficiency of solar parabolic trough is done. Four
different types of cover system were mathematically analyzed. (i) single glass cover on
receiver (ii) double glass cover on receiver (iii) single glass cover on aperture (iv) double
glass cover on aperture. The results show the effect on instantaneous efficiency on variation
of primary parameter.
Hachicha [15] developed a numerical model of a parabolic trough receiver for thermal and
optical analysis. All the heat energy balance correlations are used in order to perform the
model. A mathematical – geometric method is applied to estimate the heat flux around the
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receiver. The model is verified by experimental data done by Sandia National
Laboratories. The results indicate some differences at high temperatures, and these
discrepancies are due to optical properties of the collector.

Another reason why the

comparison is not accurate is that there is some error using the equations related to the heat
transfer coefficient. In addition to that, another validation of the proposed model is done with
experimental data of un-irradiated receivers. The results indicate that the proposed model can
well estimate the heat loss and temperature.
Mohanad [8] developed a 2D model of the PTSC. The receiver is divided into several
segments, and heat balance correlations are applied for each segment of the trough. This
model estimates the thermal performance of the whole system as well as heat lost to the
ambient. Validation of the model has been carried out also through preforming tests on the
PTSC. Water was used as a working fluid. The results indicated that a maximum temperature
of 48°C was achieved and a maximum efficiency of 30 % was obtained. The comparisons
between the experimental and modeled results have been carried out for validation purpose.
The results show acceptable agreement even though there are some variances. This deviation
is accounted for in the heat loss from the connectors, supporting brackets, location of
thermocouples, accuracy of thermocouples and thermocouple reader, and accuracy of heat
transfer equations.
Ouagued [16] carried out a numerical model of a parabolic trough collector under
Algerian climate. In this model, the receiver is divided into several segments, and heat
transfer balance equations which rely on the collector type, optical properties, heat
transfer fluid (HTF), and ambient conditions are applied for each segment. The system of
differential equations that govern the heat balances in each segment has been solved using the
modified Euler method. This work led to the prediction of temperatures, heat loss, and heat
gain of the parabolic trough. Results indicated that with the increase in temperature of
absorber tube and HTF, the heat loss of the parabolic trough collector increases and
also heat gain decreases.
Marif et al [17] focused his analysis on simple one dimensional implicit finite difference
numerical simulation of the parabolic trough solar collector in Ouargla region, situated in
northern east of Algerian Sahara with the use of TherminolVP – 1™ oil and liquid water as
HTF in order to determine the performance and the outlet fluid temperature of PTSC. The
intensity of the direct solar radiation was estimated by monthly average values of the
atmospheric Linke turbidity factor for different tracking systems. According to the simulation
8

findings, the one axis polar East – West and horizontal East – West tracking systems were
most desirable for a parabolic trough collector throughout the whole year. In addition, results
obtained show that the thermal efficiency was about 69.73 – 72.24%, which decreases with
the high synthetic oil fluid temperatures and increases in the lower water temperature by 2%.
Kumar et al [18] investigated the performance of non-evacuated absorber tube with glass
cover of parabolic trough collector (PTSC) in terms of overall heat loss from the absorber.
The impact of different parameters such as diameter of absorber tube, mean temperature of
absorber tube, wind velocity, emissivity of absorber and ambient temperature have been
studied and find the optimum value of air gap. The optimum value of air gap has been
computed considering one-dimensional steady state model, where heat loss due to convection
plus radiation is equal to heat loss due to conduction plus radiation from absorber tube to
glass cover under steady state. Overall heat loss increases with increase in absorber
temperature, wind velocity and emissivity of absorber. Absorber tube with diameters in the
range of 3.18 – 4.5cm gives better performance. From the obtained data, correlations have
been developed, which can be further utilized for designing the PTSC system for getting
desired output.
Kulkarni [11] has designed and developed a prototype of cylindrical parabolic collector to
utilize solar energy for hot water generation. Prototype of PTSC was tested from 10AM to
4PM in the month of May and thermal performance was evaluated based on solar
standards available through literature. Hot water at 60°C is produced throughout a day by
varying mass flow rate of water. The instantaneous efficiency is calculated after every half
an hour and found to be 69% and overall efficiency of system is 71%. This prototype of
PTSC system can deliver hot water at required temperature to meet industrial, domestic
demands and saves electricity.
Considering the actual state – of – the – art in modeling parabolic trough solar collectors,
this dissertation aims at studying the fluid flow and heat transfer in a parabolic trough solar
collector by means of detailed numerical models.
To do this, a one – dimensional transient model under Sahelian region of Cameroon
climate conditions, has been developed. The tubular receiver is divided into several Control
Volume (CV), and heat balance correlations are applied for each CV of the trough. This
model estimates the optical and thermal performances of the system as well as the useful
thermal heat and heat lost to the ambient. Many working fluids are implemented: air, water
and one synthetic oil (TherminolVP-1TM). Validation of the model has been also carried out.
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1.2 PTSC STRUCTURE: RECEIVER, REFLECTOR AND SUPPORTS
Figure 1.1 shows a typical PTSC vacuum receiver pipe. The outer glass tube is attached to
the steel pipe by means of flexible metal differential expansion joints, which compensate for
the different thermal expansion of glass and steel, when the receiver tube is working at
nominal temperature. At present there are only two manufacturers of PTSC vacuum absorber
tubes: the German company Schott and the Israeli company SOLEL [4]. The flexible
expansion joint used by these two manufacturers is shown in figure 1.1.

Figure 1.1a): A typical receiver tube of a PTSC (Details of receiver pipe [19])

Figure 1.1 b): A typical receiver tube of a PTSC [5]
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PTSC reflectors have a high specular reflectance (greater than 88%) to reflect as much solar
radiation as possible. Solar reflectors commonly used in PTC are made of back-silvered glass
mirrors, since their durability and solar spectral reflectance are better than the polished
aluminum and metallized acrylic mirrors. The parabolic trough reflector is held by a steel
support structure on pylons in the foundation (Figure 1.2).

Figure 1.2: The pylon in the foundation [4]
1.3 OVERVIEW OF THE HEAT TRANSFER FLUIDS
Parabolic trough solar collectors utilize a heat transfer fluid (HTF) that flows through
the receiver, collecting and transporting solar thermal energy to the power block [15]. The
typical working fluids are water, thermal oil and air. Thermal oils are widely used as the
working fluid in the collectors for temperatures above 200°C, because at these high operating
temperatures normal water would produce high pressures inside the receiver tubes and piping.
This high pressure would require stronger joints and piping, and thus raise the price of the
collectors and the entire solar field. For temperatures below 200°C, either a mixture of
water/ethylene glycol or pressurized liquid water can be used as the working fluids because
the pressure required in the liquid phase is moderate.
As we see, the choice of the working fluid of the collector has a significant role
in the performance of the collector. Recent advances in nanotechnology have led to the
development of a new, innovative class of heat transfer fluids (nanofluids) created by
dispersing nanoparticles (10 – 50 nm) in traditional heat transfer fluids [20]. Using nanofluid
as a working fluid in solar systems appears as a novel approach to increase the efficiency of
solar systems. Because, the use of nanoparticles in water or in oil can improve the heat
conductivity of the working fluid. A lot of studies have been focused in this area by
11

testing different nanofluids on usual solar collectors as PTSC. The most used nanofluids
contain the following nanoparticles: Al2O3, Cu, TiO2, Al, Fe, CuO and SiO2 [21 – 24].
CONCLUSION
In this Chapter, several models have been reviewed concerning optical and heat analysis on
PTSC. Afterwards, the PTSC structure and an overview of heat transfer fluids were briefly
presented.
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CHAPTER 2: MATERIAL AND METHODS
INTRODUCTION
The sun is the source of most energy on the earth and is a primary factor in
determining the thermal environment of a locality. This is mainly due to the fact that, the
earth receives daily a large flux of solar energy. The power of this radiation based on several
criteria, weather, atmospheric diffusion (dispersion phenomena, reflection and absorption).
Therefore, the knowledge of solar radiation is essential for the calculation of various
performance – related solar systems, such as solar water heaters, photovoltaic systems, and
solar concentration.
It is also know that, the combined geometrical, optical and thermal modeling of the
PTSC is a powerful tool to evaluate and improve the designs of parabolic solar plants, solar
water heater, solar air – conditioning and solar refrigeration systems, etc… and increase their
performance.
In this part of the work, we present material and basic skills, to design and estimate the
solar radiation intensity and know how to make simple solar radiation models and
measurements. We also presented, equation of heat transfer on the PTSC.
2.1 MATERIAL
To achieve this work we have used three specifical softwares:
 DIGITAL VISUAL FORTRAN, Copyright 1997-98 Digital Equipment Corporation.
Visual Fortran Professional Edition 6.0A was used to compute the mathematical
(Optical and Thermal) model of the PTSC. The programming languages implemented
were Fortran 77 and Fortran 90.
 ORIGIN 6.1, Copyright 1991-2000 Origin Lab Corporation.
This Software was used to plot the results obtained in this work.
The professional treatment of the data was very easy and accurately with Origin 6.1.
 SOLIDWORKS, Dassault Systems SolidWorks Corporation.
With Solidworks, we designed a prototype of the PTSC, using the geometrical
correlations presented in the next section.
2.2 METHODS
2.2.1 GEOMETRICAL RELATIONS OF THE PTSC
In this part, a geometrical model of PTSC has been presented in details. The equation of the
parabola, in terms of the coordinate system shown (Figure 2.1a), is [25]:
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𝑦 2 = 4𝑓𝑥

(2.1)

The aperture is 𝑎 and the focal length (the distance from the focal point to the vertex) is 𝑓

a)

b)

Figure 2.1: a) and b) - Section of a linear parabolic concentrator showing major dimensions

The radiation beam shown in Figure 2.1b is incident on the reflector at point B at the rim
where the mirror radius is a maximum at 𝑟𝑟 . The angle 𝜙𝑟 is the rim angle, described by 𝐴𝐹𝐵,
and is given by:
𝜙𝑟 = 𝑡𝑎𝑛−1 {

8(𝑓 ⁄𝑎)
𝑎
−1
}
=
𝑠𝑖𝑛
{
}
16(𝑓⁄𝑎)2 − 1
2𝑟𝑟

(2.2)

For any point of the parabolic reflector the local mirror radius is:
𝑟=

2𝑓
1 + cos(𝜙)

(2.3)

The aperture of the parabola is another important factor which is related to the rim angle and
the parabola length, and it is given by the following expression:
𝑎 = 4𝑓𝑡𝑎𝑛(𝜙𝑟 ⁄2)

(2.4)

The geometric concentrator ratio of tubular absorber can be defined as follows:
𝐶=

sin(𝜙𝑟 )
𝜋sin(𝜙𝑚 )

(2.5)

Also the concentrator ratio, which is defined as a ratio of the aperture area to the area of the
absorber is expressed in the following equation:
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𝐶=

𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑎𝑝𝑒𝑟𝑡𝑢𝑟𝑒 𝑎𝑟𝑒𝑎 𝑎 − 𝑑𝑟
=
𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑟 𝑎𝑟𝑒𝑎
𝜋𝑑𝑟

(2.6)

2.2.2 EARTH – SUN GEOMETRIC RELATIONSHIPS
Changes in earth ‐ sun geometry cause the seasons to change. These annual changes in
earth ‐ sun geometry dramatically change the amount of energy that a given place (on the
earth's surface) receives from the sun, as illustrated in figure 2.2. On December 21, the earth –
sun distance has a minimum value of which is called, perihelion, and on June 21, a
maximum value of which is called, aphelion, [8]. The average distance between the earth and
the sun that is called astronomical unit (AU) is1.491 × 1011 𝑚.
2.2.3 EARTH – SUN ANGLES AND HOURLY COMPUTATION
There are numerous earth – sun angles need to be explained. They are presented in the
following text.

Figure 2.2: Motion of the earth around the sun [8]
2.2.4 GEOGRAPHICAL COORDINATES
The geographical coordinates of the studied location are represented by the latitude 𝜑
(degrees), longitude 𝜆 (degrees) and altitude 𝑧 (m), where the latitude is the angle between the
position study with the equator and longitude is the angle between the meridian of the position
study with the meridian position.
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2.2.5 SOLAR DECLINAISON
The earth revolves around itself within an axis that has tilted angle of 23.45° with
respect to its orbital plane axis [25 – 27]. This angle is the cause of the changeable solar
radiation throughout the year. This angle is called the solar declination 𝛿.

Figure 2.3: Variation in declination due to earth’s orbit
Its maximum daily change is less than 0.5° (occurring at the equinoxes), so that for
practical purposes a constant value in degree for a given 𝑁𝑗 day can be used [29]:

sin 𝛿 = 0.398 × 𝑠𝑖𝑛 {

2𝜋
2𝜋
(𝑁𝑗 − 82) + 2 × 𝑠𝑖𝑛 (
(𝑁 − 2))}
365.25
365.25 𝑗

(2.7)

2.2.6 EQUATION OF THE TIME
The difference between the solar time and the solar mean time is called the equation of
time (ET), in minutes it is expressed by the following empirical formula attributed to Whillier
and as quoted by Duffie and Beckman (1980) [26]:
𝐸𝑇 ≅ 9.87 × 𝑠𝑖𝑛(2𝐵) − 7.53 × 𝑐𝑜𝑠(𝐵) − 1.5 × 𝑠𝑖𝑛(𝐵)

(2.8)

2π

where 𝐵 = 365.25 (𝑁𝑗 − 81) in radian.
2.2.7 HEIGHT OF THE SUN AND SOLAR AZIMUTH ANGLE
The sun’s position in the sky hemisphere can be completely described by two
quantities: the solar altitude or the height of the sun 𝛼𝑧 and solar azimuth angle 𝛾𝑧 (Figures
2.4 and 2.5).


The sun’s altitude is given by the spherical trigonometry relation (with geographical
latitude 𝜑) [29]:

𝑠𝑖𝑛(𝛼𝑧 ) = 𝑠𝑖𝑛(𝛿) 𝑠𝑖𝑛(𝜑) + 𝑐𝑜𝑠(𝛿) 𝑐𝑜𝑠(𝜑) 𝑐𝑜𝑠(𝜔)

(2.9)

where 𝜔 is the sunrise (or sunset) hour angle.
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Sunrise and sunset occur when the sun is at the horizon and hence the cosine of the solar
altitude (zenith) angle is zero. The sunrise time, sunset time and the day length can be
determined using equation (2.9) by setting it equal to zero. Then, we have:
𝜔0 = 𝑐𝑜𝑠 −1 (− tan(𝜑) tan(𝛿))

(2.10)

The day length is given by [29]:
𝑆𝑗 = 24 × (1 − 𝑐𝑜𝑠 −1 (− tan(𝜑) tan(𝛿))⁄𝜋 )

(2.11)

The sunshine duration is given by the expression [29]:
𝑆0 =


2
𝑐𝑜𝑠 −1 (− tan(𝜑) tan(𝛿))
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(2.12)

The solar azimuth is given by the following relations [30]:

𝑐𝑜𝑠(𝛾𝑧 ) =

𝑠𝑖𝑛(𝛼) 𝑠𝑖𝑛(𝜑) − 𝑠𝑖𝑛(𝛿)
𝑐𝑜𝑠(𝛼𝑧 )𝑐𝑜𝑠(𝜑)

(2.13)

𝑠𝑖𝑛(𝛾𝑧 ) =

𝑐𝑜𝑠(𝛿)𝑠𝑖𝑛(𝜔)
𝑐𝑜𝑠 (𝛼𝑧 )

(2.14)

The angle between the zenith direction (PN) and the ray of the sun direction (SP) is called as
the zenith angle (𝜃𝑧 ). It is related to the solar altitude (𝛼𝑧 ) by the following relation [29] :
𝜃𝑧 + 𝛼𝑧 = 90°

(2.15)

Figure 2.4: Solar altitude, solar azimuth and zenith angles [31]
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2.2.8 HOUR ANGLE
The hour angle 𝜔 (in degrees) can be calculated from the following equation [26]:
𝜔 = 15 × (𝑇𝑆𝑉 − 12)

(2.16)

Considering the above relations, we now define the standard time (𝑇𝑈), solar mean time
(𝑇𝑆𝑀) and the solar time (𝑇𝑆𝑉) as follow:
𝑇𝑈 = 𝑇𝑙𝑜𝑐 − 1
𝜆
{ 𝑇𝑆𝑀 = 𝑇𝑈 +
15
𝑇𝑆𝑉 = 𝑇𝑆𝑀 + 𝐸𝑇

(2.17)

where 𝑇𝑙𝑜𝑐 : is the given local time.
The longitude 𝜆 is positive or negative for location at East or West respectively of Greenwich.
2.3 ORIENTATION OF THE SURFACE
For further calculations, two additional angles have to be introduced (Figure 2.5): The
slope angle 𝛽 between the collector plane and the horizontal surface which varies between 0°
for a horizontal plane and 90° for a vertical plane. The surface azimuth angle 𝛾 as the
deviation of the normal of the plane from the local meridian. 𝛾 is counted clockwise from
North where its value is 0° (thus for South it is 180°) on both hemispheres. Note that in the
literature often a value of 180° for an orientation towards the equator is used.

Figure 2.5: Incident radiation on an inclined surface [32].
18

2.4 ANGLE OF INCIDENCE
The angle of incident depends on:
 geographical location (latitude)
 time of year (declination), time of day (hour angle)
 orientation of the surface (slope 𝛽, surface azimuth 𝛾)
𝜃 = 𝑓(𝜑, 𝛿, 𝜔, 𝛽, 𝛾)

(2.18)

The general equation for the cosine of the incidence angle of beam radiation on a
surface incorporates all of the aforementioned solar angles [7, 24].
cos(𝜃) = A × sin(𝜔) + B × cos(𝜔) + 𝐶

(2.19)

with

A = cos(δ) sin(γ) sin(β)
{ 𝐵 = cos(𝛿)[(cos(𝛾 ) sin(𝛽) sin(𝜑) + cos(𝜑)cos(𝛽))]
𝐶 = sin(𝛿 ) [(cos(𝛽) sin(𝜑) − cos(𝛾 ) sin(𝛽) cos(𝜑))]

(2.20)

2.5 OPTICAL MODEL / CAPDEROU MODEL
The Capderou’s model [7, 28, 33 – 35] uses the atmospheric turbidity to calculate the
direct and diffuse components of solar radiation received on horizontal plane. The absorption
and diffusion caused by the atmospheric constituents can be expressed by turbidity factors
[28], the knowledge the atmospheric turbidity factor refers to determine the solar radiation for
clear sky. The most commonly used is the Link turbidity factor, which for clear sky is given
by [33]:
𝑇𝐿 = 𝑇0 + 𝑇1 + 𝑇2

(2.21)

With 𝑇0 (dimensionless) the turbidity factor due to the gaseous absorption [7]. The modeling
of this factor based only on geo-astronomical parameters, is given by the following
expression:
𝑇0 = 2.4 − 0.9 sin(𝜑) + 0.1(2 + sin(𝜑))𝐴ℎ𝑒 − 0.2𝑍 − (1.22 + 0.14𝐴ℎ𝑒 )(1 − sin(𝛼𝑧 ))
(2.22)
𝑇1 (dimensionless) is the turbidity factor of absorption by atmospheric gases [7](𝐶𝑂2 , 𝑂2 , 𝑂3 ).
It can be calculated by the formula:
𝑇1 = (0.89)𝑍

(2.23)
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𝑇2 (dimensionless) is the turbidity factor caused by aerosols [7], and can be calculated by the
formula:
𝑇2 = (0.9 + 0.4𝐴ℎ𝑒 )(0.63)𝑍

(2.24)

where
2𝜋

𝐴ℎ𝑒 = sin(365,25 (𝑁𝑗 − 121)) and 𝑍 (m) is the altitude of the location.
Therefore, the direct solar radiation can be calculated by the formula [33 – 35]:
−1
9.4
𝐼𝑑 = 𝐼0 𝜀 cos(𝜃) exp (−𝑇𝐿 (0.9 +
sin(𝛼𝑧 )) )
(0.89)𝑍

(2.25)

The trajectory of the Earth around the Sun is an ellipse with the Sun at one of the focus. The
mean Earth – Sun distance varies from 144 (21 December) to 154 million Km (21 June). The
correction coefficient of the Earth-Sun distance (dimensionless) can be calculated by the
equation [25]:
𝜀 = 1 + 0.03344𝑐𝑜𝑠(𝑁𝑗 − 2)

(2.26)

The solar constant is given by the following expression: 𝐼0 = 1367 (𝑊 ⁄𝑚²)
2.6 TRACKING MODE
The solar collector uses only the direct solar radiation; this requires a
continuous

sun tracking system. The tracking system has to be accurate, robust and

sufficiently strong to be capable to operate even under extreme weather conditions.
The cosine of incidence angle estimated by Capderou [28] through the mode of
tracking is presented in following table
Table 2.1: Estimation of the incidence angle
Tracking Mode

cos(𝜃)

1

Full tracking

cos(𝜃) = 1

2

East – West polar

cos(𝜃) = cos(𝛿)

3

East – West horizontal

cos(𝜃) = √1 − (cos(𝛿) cos(𝜔) sin(𝜑) − cos(φ)sin(𝛿))2

4

North – South horizontal

cos(𝜃) = √1 − (cos(𝛿)cos(𝜔))2
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2.7 THERMAL MODEL AND NUMERICAL ANALYSIS
Equations have been selected carefully from the literature for the thermal heat models.
The tubular receiver is discretized into several segments in axial directions using the Finite
Volume Method (FVM) and an energy balance is applied for each control volume. The partial
differential equations were discretized by using the FVM and the set of linear algebraic
equations were solved using the Tri – Diagonal Matrix Algorithm (TDMA).
2.7.1 ASSUMPTIONS
The following assumptions have been made in the mathematical model
1- One – dimensional fluid flow.
2- Constant thermal conductivities of absorber pipe and glass envelope.
3- The transversal conductivities in the absorber pipe and glass envelope are neglected.
4- Negligible conduction losses at the ends of each trough.
5- The concentrator surface is specularly reflecting.
6- Uniform repartition of the solar radiation in absorber tube.
2.7.2 HEAT BALANCE IN THE HEAT COLLECTOR ELEMENT (HCE)
The general modeling approach is based on an energy balance about the HCE as shown in
figure 2.6. It includes the direct normal solar irradiation, the optical losses from both, the
parabola and the HCE, the thermal losses from the HCE, and the heat gain in the HTF.
The energy balance for a glass envelope tube CV can be obtained as follows [17]:
Increase in internal energy = thermal diffusion + heat input by absorbing solar energy internal loss - external loss.
𝜌𝐠 𝐶𝑃g

𝜕𝑇g
𝜕𝑡
= 𝐾g

𝜕 2 𝑇g
1
+ {𝑎𝐼𝑑 𝜌0 𝛼g 𝛾𝜅 − 𝜋𝐷𝑎𝑏𝑠(𝑒𝑥𝑡) ℎ(𝑖𝑛𝑡) (𝑇g − 𝑇𝑎𝑏𝑠 )
2
𝜕𝑥
𝐴g

− 𝜋𝐷g(𝑒𝑥𝑡) [ℎ𝑐(𝑒𝑥𝑡) (𝑇g − 𝑇𝑎𝑚𝑏 ) + ℎ𝑟(𝑒𝑥𝑡) (𝑇g − 𝑇𝑠𝑘𝑦 )]}

(2.27)

with

𝐴g =

2
2
𝜋(𝐷g(𝑒𝑥𝑡)
− 𝐷g(𝑖𝑛𝑡)
)

4
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𝑇𝑠𝑘𝑦
Absorber pipe
𝑄(𝑒𝑥𝑡)

𝑇𝑎𝑚𝑏

𝑄(𝑖𝑛𝑡)

Glass envelope

𝑇𝑓

𝑇g
𝑄𝑢

𝐼𝑑

𝑇𝑎𝑏𝑠

𝑄𝑎𝑏𝑠

𝐹

𝑄g

𝑎
Figure 2.6: Heat transfer model in a cross section of the HCE

For the absorber pipe the heat balance is:

Reflector

Increase in internal energy = thermal diffusion + heat input by absorbing solar energy internal loss - useful heat input to fluid by absorber pipe.
𝜌𝑎𝑏𝑠 𝐶𝑃𝑎𝑏𝑠

𝜕𝑇𝑎𝑏𝑠
𝜕𝑡
𝜕 2 𝑇𝑎𝑏𝑠
1
= 𝐾𝑎𝑏𝑠
+
[𝑎𝐼 𝜌 𝛼 𝛾𝜅 − 𝜋𝐷𝑎𝑏𝑠(𝑒𝑥𝑡) ℎ(𝑖𝑛𝑡) (𝑇𝑎𝑏𝑠 − 𝑇g )]
𝜕𝑥 2
𝐴𝑎𝑏𝑠 𝑑 0 0
−

𝜋𝐷𝑎𝑏𝑠(𝑖𝑛𝑡) ℎ𝑢𝑓
(𝑇𝑎𝑏𝑠 − 𝑇𝑓 )
𝐴𝑎𝑏𝑠

(2.28)

22

where

𝐴𝑎𝑏𝑠 =

2
2
𝜋(𝐷𝑎𝑏𝑠(𝑒𝑥𝑡)
− 𝐷𝑎𝑏𝑠(𝑖𝑛𝑡)
)

4

The energy absorbed by the absorber pipe is [17, 25]
𝑄𝑎𝑏𝑠 = 𝐴𝐼𝑑 𝜌0 𝛼0 𝛾𝜅

(2.29)

The energy absorbed by the glass envelope is [13]
𝑄g = 𝐴𝐼𝑑 𝜌0 𝛼g 𝛾𝜅

(2.30)

where 𝐴 = 𝑎 𝐿 is the aperture area(𝑚2 ).
𝜌0 is the reflectance of the mirror.
𝛼{0,g} are respectively the transmittance - absorptance factor and the absorptance factor of the
glass, with 𝛼0 =

𝜏g 𝛼𝑎𝑏𝑠
1−(1−𝛼𝑎𝑏𝑠 )(1−𝜏g )

𝛾 is the shape factor and the incident angle modifier 𝜅 , is represented by the following
expression: 𝜅 = 1 − 0.00384𝜃 − 0.000143𝜃 2
The heat balance on the fluid leads to the next equation:
Increase in internal energy of fluid
= thermal diffusion - heat converted by fluid motion + useful heat input by absorber pipe to
fluid.
𝜕
(𝜌 (𝑇 )𝐶 (𝑇 )𝑇 )
𝜕𝑡 𝒇 𝑓 𝑃𝑓 𝑓 𝑓
𝜕𝑇𝑓
𝜕
1
𝜕
=
(𝐾𝑓 (𝑇𝑓 )
) − {𝑚̇𝑓
(𝐶 (𝑇 )𝑇 ) − 𝜋𝐷𝑎𝑏𝑠(𝑖𝑛𝑡) ℎ𝑢𝑓 (𝑇𝑓 − 𝑇𝑎𝑏𝑠 ) }
𝜕𝑥
𝜕𝑥
𝐴𝑓
𝜕𝑥 𝑃𝑓 𝑓 𝑓
(2.31)
with
𝐴𝑓 =

𝜋 2
𝐷
4 𝑎𝑏𝑠(𝑖𝑛𝑡)

𝑚̇𝑓 = 𝐴𝑓 𝜌𝑓 𝑉𝑓
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2.7.3 EXTERNAL AND INTERNAL HEAT COEFFICIENTS LOSSES
The correlation developed by Churchill and Chi [36, 37] is recommended for calculating the
natural convection between glass envelope and exterior air in the absence of wind. The
external convection heat transfer coefficient is represented in the following equation; all
physical properties of exterior air are calculated at the average temperature (𝑇𝑎𝑚𝑏 + 𝑇g )⁄2.
1
6

ℎ𝑐(𝑒𝑥𝑡) =

𝑅𝑎𝑎𝑖𝑟

0.6 + 0.387
[

{

(1 + (

9
16

16
9

0.559
) )
𝑃𝑟𝑎𝑖𝑟
] }

2

𝐾𝑎𝑖𝑟
𝐷g(𝑒𝑥𝑡)

(2.32)

In the presence of wind, the convection becomes forced and the Zhukauskas’s correlation [38
– 40] is recommended. In this case the physical properties of exterior air are calculated at the
ambient temperature and 𝑃𝑟g is evaluated at glass envelop temperature, the external
convection heat transfer coefficient becomes:
1

ℎ𝑐(𝑒𝑥𝑡)

4 𝐾
𝑎𝑖𝑟
𝑛
𝑚 𝑃𝑟𝑎𝑖𝑟
= 𝐶𝑅𝑒𝑎𝑖𝑟
𝑃𝑟𝑎𝑖𝑟
(
)
𝑃𝑟g
𝐷g(𝑒𝑥𝑡)

(2.33)

The correlation parameters are given in Table 2.2.
The exponential term is given by:
𝑚 = 0.37 for 𝑃𝑟 ≤ 10
𝑚 = 0.36 for 𝑃𝑟 > 10
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Table 2.2: Parameters of the equation (2.33)
𝑅𝑒

𝐶

𝑛

1 − 40

0.75

0.4

40 − 103

0.51

0.5

103 − 2. 105

0.26

0.6

2. 105 − 106

0.076

0.7

The internal convection heat transfer coefficient ℎ𝑐(𝑖𝑛𝑡) depends on the annulus
pressure between absorber and glass envelope. When there is vacuum in the annular (pressure
< 0.013 Pa) we can consider that ℎ𝑐(𝑖𝑛𝑡) equals to zero [17]. But if the pressure in annular
(pressure > 0.013 Pa) ℎ𝑐(𝑖𝑛𝑡) is estimated through natural convection relations between two
horizontal, concentric cylinders [17, 39, 40]. The physical properties of interior air between
the absorber tube and the glass envelop are calculated at the average temperature
(𝑇𝑎𝑏𝑠 + 𝑇g )⁄2.
ℎ𝑐(𝑖𝑛𝑡) =

2𝐾𝑒𝑓𝑓
𝐷g(𝑖𝑛𝑡)
𝐷𝑎𝑏𝑠(𝑒𝑥𝑡) 𝑙𝑛 (𝐷
)
𝑎𝑏𝑠(𝑒𝑥𝑡)

(2.34)

with
1

𝐾𝑒𝑓𝑓

1
4
𝑃𝑟𝑎
= 0.386𝐾𝑎 (
) (𝑅𝑎𝑎 )4
0.861 + 𝑃𝑟𝑎

𝐿𝑒𝑓𝑓 =

𝑅𝑎𝑎 =

𝐷g(𝑖𝑛𝑡) − 𝐷𝑎𝑏𝑠(𝑒𝑥𝑡)
2
𝐷g(𝑖𝑛𝑡)
(𝑙𝑛 (𝐷
))
𝑎𝑏𝑠(𝑒𝑥𝑡)
𝐿3𝑒𝑓𝑓 ((𝐷

1

𝑎𝑏𝑠(𝑒𝑥𝑡)

3
5

4

3
5

𝑅𝑎𝑒𝑓𝑓

1
) + (𝐷
) )
g(𝑖𝑛𝑡)

𝑅𝑎𝑒𝑓𝑓 = 𝐺𝑟𝑎 𝑃𝑟𝑎
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The external radiation heat transfer coefficients were calculated by Stefan Boltzmann’s law.
Then we have:
2

2

ℎ𝑟(𝑒𝑥𝑡) = 𝜀g 𝜎 [(𝑇𝑠𝑘𝑦 + 237,15) + (𝑇g + 237,15) ] (𝑇𝑠𝑘𝑦 + 𝑇g + 546,3)

(2.35)

1.5
where 𝑇𝑠𝑘𝑦 = 0.0552𝑇𝑎𝑚𝑏

The ambient temperature evolution was estimated by using following equation [17]:
𝑇𝑎𝑚𝑏 (𝑡) =

𝑇𝑚𝑎𝑥 + 𝑇𝑚𝑖𝑛 𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛
𝜋(14 − 𝑇𝑆𝑉(𝑡))
+
𝑐𝑜𝑠 [
]
2
2
12

(2.36)

The internal radiation heat transfer coefficients were calculated by the following expression:
2

ℎ𝑟(𝑖𝑛𝑡) = 𝜀(int) 𝜎 [(𝑇𝑎𝑏𝑠 + 237,15)2 + (𝑇g + 237,15) ] (𝑇𝑎𝑏𝑠 + 𝑇g + 546,3)

(2.37)

with
𝜀(int) =

1
𝐷𝑎𝑏𝑠(𝑒𝑥𝑡)
1
+
(
−
1)
(
𝜀𝑎𝑏𝑠
𝜀g
𝐷g(𝑖𝑛𝑡) )
1

Therefore we have:
ℎ(𝑖𝑛𝑡) = ℎ𝑐(𝑖𝑛𝑡) + ℎ𝑟(𝑖𝑛𝑡)

(2.38)

2.7.4 USEFUL HEAT COEFFICIENT INPUT TO FLUID
The useful convection heat transfer coefficient ℎ𝑢𝑓 is given by equation (2.39) . The
correlations of Gnielinski [7, 41] are recommended to calculate the Nusselt number in the
laminar or turbulent flow. Furthermore Gnielinski proposed a linear interpolation in the
transition region between laminar and turbulent regime:
ℎ𝑢𝑓 =

𝐾𝑓
𝐷𝑎𝑏𝑠(𝑖𝑛𝑡)

𝑁𝑢 𝑓

(2.39)

In the case of laminar flow at lower Reynolds numbers (𝑅𝑒 < 2300), The Nusselt number
𝑁𝑢𝑓,𝑇 with constant wall temperature boundary condition (recommended) and 𝑁𝑢𝑓,𝑞 with
constant heat flux boundary condition are:
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3

𝐷𝑎𝑏𝑠(𝑖𝑛𝑡)
= {(3.66)3 + (0.7)3 + (1.615 √𝑅𝑒𝑓 𝑃𝑟𝑓 (
) − 0.7)
𝐿
3

𝑁𝑢𝑓,𝑇

1
3 3

1
6

+ ((

𝐷𝑎𝑏𝑠(𝑖𝑛𝑡)
2
) √𝑅𝑒𝑓 𝑃𝑟𝑓 (
)) }
1 + 22𝑃𝑟𝑓
𝐿

(2.40)

3
3

𝑁𝑢𝑓,𝑞 = {(4.354)3 + (0.6)3 + (1.953 √𝑅𝑒𝑓 𝑃𝑟𝑓 (

𝐷𝑎𝑏𝑠(𝑖𝑛𝑡)
) − 0.6)
𝐿

1
3 3

+ (0.924 3√𝑃𝑟𝑓 √𝑅𝑒𝑓 (

𝐷𝑎𝑏𝑠(𝑖𝑛𝑡)
)) }
𝐿

(2.41)

In the case of turbulent flow (Re > 4000), the Nusselt number is
𝐷𝑎𝑏𝑠(𝑖𝑛𝑡) 2⁄3
𝑁𝑢𝑓 =
[1 + (
) ]𝐾
𝐿
1 + 12.7√(𝜉 ⁄8)(𝑃𝑟𝑓 2⁄3 − 1)
(𝜉 ⁄8)(𝑅𝑒𝑓 − 1000)𝑃𝑟𝑓

(2.42)

The factor 𝐾 is
𝐾 = (𝑃𝑟𝑓 ⁄𝑃𝑟𝑎𝑏𝑠 )

0.11

for liquid. For gases,𝐾 = (𝑇𝑓 ⁄𝑇𝑎𝑏𝑠 )

𝑛

The exponent, 𝑛, depends on the gas, e.g., for air it is 𝑛 = 0.45.
In equation(2.42), 𝜉 is the friction factor for turbulent flow in absorber pipe. It was defined
by the following equation as mention by Gnielinski [41]:
𝜉 = (1.8log10 𝑅𝑒𝑓 − 1.5)

(2.43)

In the transition region (2300≤ 𝑅𝑒𝑓 ≤4000) Gnielinski proposed the following equation
𝑁𝑢𝑓 = (1 − 𝜍)𝑁𝑢𝑓𝑙𝑎𝑚,2300 + 𝜍𝑁𝑢𝑓𝑡𝑢𝑟𝑏,4000

(2.44)

with 0 ≤ 𝜍 ≤ 1
𝜍=

𝑅𝑒𝑓 − 2300
4000 − 2300

(2.45)
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In (2.44) 𝑁𝑢𝑓𝑙𝑎𝑚,2300 is calculated from equations (2.40) or (2.41) taking 𝑅𝑒𝑓 = 2300 and
𝑁𝑢𝑓𝑡𝑢𝑟𝑏,4000 from equation (2.42) with𝑅𝑒𝑓 = 4000. The fluid properties are calculated at
fluid temperature and 𝑃𝑟𝑎𝑏𝑠 is evaluated at absorber tube temperature.
The optical efficiency of the collector is [17, 24]:
𝜂𝑜𝑝𝑡 (𝑡) =

𝑄𝑎𝑏𝑠
= 𝜌0 𝛼0 𝛾𝜅
𝐴 × 𝐼𝑑

(2.46)

The solar PTSC global thermal efficiency is defined in the following form [18, 7]:
𝜂𝑡ℎ (𝑡) = 𝜂𝑜𝑝𝑡 (𝑡) −
𝜂𝑡ℎ =

𝑄(𝑖𝑛𝑡)
𝐴 × 𝐼𝑑

∫ 𝑄𝑢𝑠𝑒𝑓𝑢𝑙 𝑑𝑡
𝐴 × ∫ 𝐼𝑑 𝑑𝑡

(2.47𝑎)
(2.47𝑏)

2.8 BOUNDARY CONDITIONS
The boundary conditions used for the numerical simulations were:


Outer glass: Adiabatic boundary conditions on both inlet and outlet surfaces



Absorber: Adiabatic boundary conditions on inlet and outlet surfaces.



HTF domain: Uniform inlet temperature. Adiabatic boundary assumption on outlet.

The initial temperature of the tubular receiver is assumed to be equal to the ambient
temperature.
2.9 NUMERICAL APPROACH
In this part, a detailed numerical heat transfer model based on the finite volume method
for these equipments is presented. In the model, the different elements of the receiver are
discretized into several segments in axial directions and energy balances are applied for each
control volume. The set of algebraic equations are solved simultaneously using the Tri –
diagonal Matrix Algorithm (TDMA).
2.9.1 PRINCIPE OF THE SOLUTION PROCEDURE
The finite volume method (FVM) is used for the integration of the governing equations over
each control volume. With this method, the first step is the integration of a transport
equation, next, we

apply Gauss’s divergence theorem on the conservative term of the
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equation. This theorem transforms volume integrals of divergence terms into surface
integrals of fluxes all around the control volume [42].
2.9.2 DISCRETIZED FORM OF THE EQUATIONS
The partial differential equations were discretized into 𝑃elements, by using the fully implicit
scheme. After rearranging the corresponding algebraic equations we found, for internal nodes.
 For Glass envelope:
𝑎𝐠,𝑗 𝑇g,𝑗 = 𝑎𝐠,𝑗+1 𝑇g,𝑗+1 + 𝑎g,𝑗−1 𝑇g,𝑗−1 + 𝑏g

(2.48)

with
𝑎𝐠,𝑗+1 = 𝛿𝑥
𝑎𝐠,𝑗−1 = 𝛿𝑥

𝐾g
g,𝑗+1⁄2

𝐾g
g,𝑗−1⁄2

0
𝑎g,j
= 𝜌g 𝐶𝑝,g

,
𝑗 = 2, … , 𝑃

,

∆𝑥
∆𝑡

0
𝑎𝐠,𝑗 = 𝑎𝐠,𝑗+1 +𝑎𝐠,𝑗−1 + 𝑎g,j
+𝜋

∆𝑥
(𝐷
ℎ(𝑖𝑛𝑡) + 𝐷g(𝑒𝑥𝑡) (ℎ𝑐(𝑒𝑥𝑡) + ℎ𝑟(𝑒𝑥𝑡) ))
𝐴g 𝑎𝑏𝑠(𝑒𝑥𝑡)

∆𝑥

𝑏g = 𝐴 {𝑎𝐼𝑑 𝜌0 𝛼g 𝛾𝜅 + 𝜋(𝐷𝑎𝑏𝑠(𝑒𝑥𝑡) ℎ(𝑖𝑛𝑡) 𝑇𝑎𝑏𝑠,𝑗+(𝑃+1) + 𝐷g(𝑒𝑥𝑡) (ℎ𝑐(𝑒𝑥𝑡) 𝑇𝑎𝑚𝑏 + ℎ𝑟(𝑒𝑥𝑡) 𝑇𝑠𝑘𝑦 ))}
g

0 0
+𝑎g,j
𝑇g𝑗

 For Absorber pipe:
𝑎𝑎𝑏𝑠,𝑗 𝑇𝑎𝑏𝑠,𝑗 = 𝑎𝑎𝑏𝑠,𝑗+1 𝑇𝑎𝑏𝑠,𝑗+1 + 𝑎𝑎𝑏𝑠,𝑗−1 𝑇𝑎𝑏𝑠,𝑗−1 + 𝑏𝑎𝑏𝑠

(2.49)

with
𝑎𝒂𝒃𝒔,𝑗+1 = 𝛿𝑥
𝑎𝑎𝑏𝑠,𝑗−1 = 𝛿𝑥

𝐾𝑎𝑏𝑠
𝑎𝑏𝑠,𝑗+1⁄2

𝐾𝑎𝑏𝑠
𝑎𝑏𝑠,𝑗−1⁄2

0
𝑎𝑎𝑏𝑠,𝑗
= 𝜌𝑎𝑏𝑠 𝐶𝑝,𝑎𝑏𝑠

,
,

∆𝑥
∆𝑡

0
𝑎𝑎𝑏𝑠,𝑗 = 𝑎𝑎𝑏𝑠,𝑗+1 +𝑎𝑎𝑏𝑠,𝑗−1 + 𝑎𝑎𝑏𝑠,𝑗
+𝜋

𝑏𝑎𝑏𝑠 =

𝑗 = 𝑃 + 3, … ,2𝑃 + 1

∆𝑥
(𝐷
ℎ(𝑖𝑛𝑡) + 𝐷𝑎𝑏𝑠(𝑖𝑛𝑡) ℎ𝑢𝑓 )
𝐴𝑎𝑏𝑠 𝑎𝑏𝑠(𝑒𝑥𝑡)

∆𝑥
0
{𝑎𝐼𝑑 𝜌0 𝛼0 𝛾𝜅 + 𝜋(𝐷𝑎𝑏𝑠(𝑒𝑥𝑡) ℎ(𝑖𝑛𝑡) 𝑇g,𝑗−(𝑃+1) + 𝐷𝑎𝑏𝑠(𝑖𝑛𝑡) ℎ𝑢𝑓 𝑇f,𝑗+(𝑃+1) )} + 𝑎𝑎𝑏𝑠,𝑗
𝑇𝑗0
𝐴𝑎𝑏𝑠
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 For Heat Transfer Fluid:
𝑎𝑓,𝑗 𝑇𝑓,𝑗 = 𝑎𝑓,𝑗+1 𝑇𝑓,𝑗+1 + 𝑎𝑓,𝑗−1 𝑇𝑓,𝑗−1 + 𝑏𝑓

(2.50)

with
𝐾𝑓,𝑗+1⁄

𝑎𝑓,𝑗+1 = 𝛿𝑥

2

𝑓,𝑗+1⁄2

,

𝐾𝑓,𝑗−1⁄

𝑎𝑓,𝑗−1 = 𝛿𝑥
0
𝑎𝑓,𝑗
=

𝑎𝑓,𝑗 =

2

𝑓,𝑗−1⁄2

∆𝑥

𝐾𝑓,𝑗+1⁄

2

𝛿𝑥𝑓,𝑗+1⁄

+

𝑗−1⁄2

𝑓

(𝜌𝑓 𝐶𝑝,𝑓 )
∆𝑡

2

𝑏𝑓 =

𝑚̇

+ 𝐴 (𝐶𝑝,𝑓 )

,

𝑗 = 2𝑃 + 4, … ,3𝑃 + 2

𝑡

𝐾𝑓,𝑗−1⁄

2

𝛿𝑥𝑓,𝑗−1⁄

2

+

𝑡+∆𝑡
𝑚̇
∆𝑥
∆𝑥
(𝐶𝑝,𝑓 ) 1 +
(𝜌𝑓 𝐶𝑝,𝑓 )
+𝜋
𝐷
ℎ
𝑗+ ⁄2
𝐴𝑓
∆𝑡
𝐴𝑓 𝑎𝑏𝑠(𝑖𝑛𝑡) 𝑢𝑓

∆𝑥
0
0
{𝜋(𝐷𝑎𝑏𝑠(𝑖𝑛𝑡) ℎ𝑢𝑓 𝑇𝑎𝑏𝑠,𝑗−(𝑃+1) )} + 𝑎𝑓,𝑗
𝑇𝑓,𝑗
𝐴𝑓

External nodes correspond to boundary nodes for each sub-system. Considering assumptions
made before (boundary conditions), we always have:
𝑎g,2 = 1, 𝑎g,−1 = 0, 𝑎g,1 = 1, 𝑏g = 0 for 𝑗 = 1
𝑎g,𝑃+2 = 0, 𝑎g,𝑃 = 1, 𝑎g,𝑃+1 = 1, 𝑏g = 0 for 𝑗 = 𝑃 + 1
𝑎𝑎𝑏𝑠,𝑃+3 = 1, 𝑎𝑎𝑏𝑠,𝑃+1 = 0, 𝑎𝑎𝑏𝑠,𝑃+2 = 1, 𝑏𝑎𝑏𝑠 = 0 for 𝑗 = 𝑃 + 2
𝑎𝑎𝑏𝑠,2𝑃+3 = 0, 𝑎𝑎𝑏𝑠,2𝑃+1 = 1, 𝑎𝑎𝑏𝑠,2𝑃+2 = 1, 𝑏𝑎𝑏𝑠 = 0 for 𝑗 = 2𝑃 + 2
𝑎𝑓,2𝑃+4 = 0, 𝑎𝑓,2𝑃+2 = 0, 𝑎𝑓,2𝑃+3 = 1, 𝑏𝑓 = 𝑇𝑖𝑛𝑙𝑒𝑡 for 𝑗 = 2𝑃 + 3
𝑎𝑓,3𝑃+4 = 0, 𝑎𝑓,3𝑃+2 = 1, 𝑎𝑓,3𝑃+3 = 1, 𝑏𝑓 = 0 for 𝑗 = 3𝑃 + 3

The system of (3P+ 3) algebraic equations is solved simultaneously using the direct method of
Tri – Diagonal Matrix Algorithm (TDMA), with a temperature tolerance of 10−6. The time
step ∆𝑡 and inter nodal distance ∆𝑥 are optimized to get a good convergence with small
computational cost, in our case ∆𝑡 = 10𝑠 and ∆𝑥 = 0.2𝑚 . The Initial values of the
temperature are assumed to be equal to the ambient temperature, the flowchart below (Figure
2.7) describes the solution methodology.
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Figure 2.7: Flowchart of solution methodology
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CONCLUSION
A detailed numerical model based on energy balance about the HCE for the optical and
thermal analysis of PTSC has been developed. Adequate correlations have been selected
according to the conditions under study. A FVM method is introduce to discretize the partial
differential equation. The computational solution procedure has been proposed to solve
resulting algebraic equations. The solution algorithm and other parameters like tolerance, the
time step and inter nodal distance are specified.
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CHAPTER 3: RESULTS AND DISCUSSION
INTRODUCTION
In this chapter, results concerning design model and simulations of the parabolic
trough solar collector (PTSC) are presented. Thermal performance of PTSC is also evaluated
using the temperatures of heat transfer fluid (air, water and TherminolVP – 1TM) for inlet
and outlet, flow rate, ambient temperature, wind speed, and global radiation. The code is
implemented in FORTRAN software. The numerical simulation was conducted at Maroua.
Maroua is situated in the far – north region of the Cameroon (10°35′50″N, 14°18′57″E).
Maroua is located in the Diamare plain characterized by a Sudan-Saharan climate [3].
3.1 DESIGN
The geometrical relations presented in previous chapter were useful to design the PTSC.
From Figures 3.1 to Figure 3.4 we see different views of the concentrator design. The design
was done by, SolidWorks software as mentioned before.

Figure 3.1 a): A typical parabolic trough solar collector (top)
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Figure 3.1 b): A typical parabolic trough solar collector (front)

Figure 3.2: PTSC Torque –Tube
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Figure 3.3: PTSC view pattern

Figure 3.4: Detailed view of drive and instrumentation section
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3.2 VALIDATION OF THE CAPDEROU’S MODEL OF RADIATION
To validate our work, we compared the data measured at the Maroua – Salack weather
station, and the solar energy estimated by the Capderou’s model. Concerning the
measurements, Cameroon witnessed an only solar radiation measurement campaign that leads
to the year 1984 database. At the Maroua – Salack weather station, sunshine duration record
stopped since 2005 because of logistic handicap. The Vantage Pro2 Plus autonomous
weather station is now installed since 2014 to measure global solar radiation.
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Figure 3.5: Theoretical and measured of direct, diffuse and global solar radiation for 25
August 2004.
According to the this figure, it can be seen that the diffuse, direct and the global solar flux
estimated by the Capderou’s model are almost lower imposed with those measured by the
Maroua – Salack weather station, for the rainy season. The mean relative difference does not
exceed 10 % except in the case of the early morning and afternoon. The agreement between
the two results is acceptable, yet, there is deviation at sunrise and sunset solar. The reason is
that the solar radiation model (Capderou) estimates solar data for clear sky. In reality,
there are several factors that increase the solar intensity which are clouds, dust, water
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vapor in the atmosphere. However, the results obtained indicate that the proposed model can
successfully be used for the estimation of the daily solar radiation data for the days considered
with clear sky. In addition, the model can be generalized for an application of PV systems in
Solar Buildings.
3.3 OPTICAL PERFORMANCE OF THE PTSC
3.3.1 THE INFLUENCE OF THE TRACKING MODE ON THE OPTICAL EFFICIENCY OF
THE PTSC
The figures below show how the tracking mode acts on the optical efficiency of the PTSC
under the climatic conditions of the far-north region of Cameroon.
Figure 3.6: shows the evolution of the optical efficiency for two typical days
representing respectively the dry (21/03/2016) and the rainy (21/08/2016) season for various
tracking modes system. The East – West polar and East – West horizontal tracking modes
approximate well the full tracking (that is considered here as the reference). It results that the
full, The East-West polar and East-West horizontal tracking modes are suitable in the case of
the far-north of Cameroon. This modes give the optical efficiency around 74% near to value
reported by Marif et al [17] in the case of Adrar.
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Figure 3.6: a.) and b.) - Time variation of optical efficiency for two typical days for various
tracking mode.
Figure 3.7 shows the annual variation of the optical efficiency taking into account the two
tracking modes.
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Figure 3.7: the daily mean of the optical efficiency of one year considering two tracking
modes.
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The figure 3.7 investigated the competitive tracking mode between, The East – West
polar and East – West horizontal, by estimating the daily mean value of the optical efficiency
for the year. This figure confirm the observation made above. The relative difference between
these tracking modes, is less than 1%.
3.3.2 THE INFLUENCE OF THE TRACKING MODE ON THE SOLAR RADIATION OF
THE PTSC
The energy absorbed for various tracking modes compared to the full tracking are
again given in the Table 3.1.
Table 3.1: Comparison of absorption energy for various tracking modes
Tracking mode

Absorbed energy (kWh/m2)
Dry season

Rainy Season

Percent to full tracking (%)
Dry season

Rainy Season

(1) Full tracking

8.4968

6.5482

100

100

(2) East–West polar

8.3290

5.9675

98.03

91.13

(3) East–West horizontal

8.4952

5.333

99.98

81.44

(4) North–South horizontal

5.8839

4.114

69.25

62.83

It could be observed that the East – West polar tracking system is more suitable than
East – West horizontal tracking particularly in the case of rainy season.
The Figure 3.8, represented the direct beam radiation with various tracking modes.
This is because for solar concentrating systems for two typical days, only the direct radiation
is considered. This figure, shows that for the rainy season as well as for dry season the
conclusion made above remains the same.
Therefore, for the next computational simulations, we considered the East – West
polar mode tracking to evaluate thermal performance of the PTSC under the climatic
conditions of the far-north region of Cameroon.
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Figure 3.8: a.) and b.) Direct solar radiation for different tracking systems on a two typical
days.
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3.4 THERMAL PERFORMANCE OF THE PTSC
In this section the thermal performance of PTSC are evaluated under the climatic conditions
of the far-north region of Cameroon, for air, liquid water and synthetic oil. Generally the
outlet temperature, loss and useful heat are used to indicate the thermal performance of PTSC.
The climatic conditions are employed for the same representative days from different seasons
with environment wind speed equal to2 𝑚/𝑠. The inlet temperature and mass flow rate are
equal to 25°C and 0.08𝐾g/s respectively. These values are widely used in the literature to
simulate the computational code. The properties of air, liquid water and TherminolVP – 1TM
are summarized in Appendix B.
The characteristic of the PTSC used is the SANDIA NATIONAL LABORATORY
(SNL) experimental test and in simulations are presented in Appendix C.
The validation of the present model was done by comparing the outlet temperatures of
simulation results and the experimental data obtained by SNL [12]. In addition to confirm the
appropriateness of heat transfer correlations presented in this investigation, the outlet
temperatures were compared with the simulations results based on three dimensional finite
volume method (FVM) commercial software FLUENT presented in [12]. The outlet
temperatures of two cases are shown in Table 3.2, with Syltherm 800 synthetic oil and water
as the working fluids.
Table 3.2: Comparison between SANDIA experimental datas.
𝑚𝑓̇
𝐼𝑏
𝑇𝑖𝑛𝑙𝑒𝑡
𝑒𝑥𝑝:
𝑅𝑒𝑓[29]: Model:
𝑒𝑟𝑟𝑜𝑟(%)
𝑒𝑟𝑟𝑜𝑟(%)
(𝑊 ⁄𝑚2 ) (𝑙 ⁄𝑚𝑖𝑛) (°𝐶) ∆𝑇(°𝐶) ∆𝑇(°𝐶) ∆𝑇(°𝐶) exp 𝑉𝑠 𝑅𝑒𝑓[29] exp 𝑉𝑠 𝑀𝑜𝑑𝑒𝑙

Case

Fluid

1

Water

807.9

18.4

18.3

17.8

17.79

17.805

0.056

-0.028

2

Oil*

933.7

47.7

102.2

21.8

21.25

21.78

2.52

0.092

Oil*: synthetic oil (Syltherm 800)
It can be seen that the simulation outlet temperatures obtained by the proposed model
are in good accordance with the experimental values. For water or oil working fluids, the
absolute error is less than 10−1%.
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3.4.2 TEMPERATURE OF PTSC ON THE FAR-NORTH REGION OF CAMEROON
CLIMATE CONDITIONS
In the following figures we compare temperature of absorber pipe and glass envelope for the
three heat transfer fluids, for two typical days under the climatic conditions of Maroua.
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Figure 3.9: Outlet Temperature variation of the absorber tube for PTSC with air, water and oil
(21/03/2016).
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Figure 3.10: Outlet Temperature variation of the absorber tube for PTSC with air, water and
oil (21/08/2016).
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The useful convection heat transfer coefficient depends on the physical properties of the fluid.
The air heat transfer coefficient value is larger than for the water and oil due to the weak
dynamic viscosity but air has the lowest thermal conductivity. The thermal conductivity of
water is high than the oil. For this reason the absorber’s pipe temperature in the case of oil as
working fluid is high than for water. Air has the most absorber’s pipe temperature. This is due
to the fact that, with air, the flow is permanently turbulent, increasing the Nusselt number and
convection heat transfer (Figure 3.9 and 3.10). Furthermore, the increase in the glass envelope
temperature produces a large external heat loss.
Now we investigate the temperature distribution of the three working fluids, along the
absorber pipe in the same conditions below.
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Figure 3.11: Temperature distribution of the fluid along absorber at the solar noon.
The variation of fluids temperatures along the absorber tube in dry season shown in Figure
3.11 provides the observation that the oil temperature increases much faster compared to air
and water temperature because the oil has a lower calorific capacity which represents the
product of density and the specific heat compared to that of air and water.
Outlet temperatures of fluids are compared in the next. The computational considerations are
the same and simulations are made for two typical days in dry and rainy season respectively.
43

21/08/2016

Fluid Temperature (°C)

140

120

100

80

60

Air
TM
TherminolVP-1
Water

40

20
6

7

8

9

10

11

12

13

14

15

16

17

18

Legal Time (hour)

Figure 3.12: Outlet fluid temperature in a typical day of the rainy season
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Figure 3.13: Outlet fluid temperature in a typical day of the dry season
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The difference is noted in dry season and rainy season (Figure 3.12 and 3.13
respectively), with the highest difference between the output temperature with the three fluids,
with a maximum of 140°𝐶 in the case of air, 138°𝐶 in the case of synthetic and 80°𝐶 when
water is used instead air or oil in the rainy season. In dry season, the effect of the weather
conditions on the outlets temperatures is evident, with a maximum of 180°𝐶 for air and oil
and 90°𝐶 when water is used.
4.5.3 USEFUL AND LOSS HEAT
The Figure 3.14 and 3.15 presented useful and loss heat flux in the dry season.
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Figure 3.14: Time variation of useful heat
We observe clearly in Figure 3.14 and 3.15 that the increases of the heat gain is related to
the decline of fluid temperature. The maximum heat gain is reached in the mid-day, then it
starts to drop during the day. It can be seen also that the heat loss follows perfectly the
temperature profile of the absorber. The thermal oil considered in this study are not only
highly stable but also designed for high temperature liquid phase operation with good heat
transport and transfer properties.
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Figure 3.15: Time variation of the heat loss

CONCLUSION
In this chapter, we examined the optical and thermal performances of parabolic trough
solar collector with air, liquid water and TherminolVP – 1™ in far – north region of
Cameroon. The following observations can be made:
 The high optical efficiency is obtained with full tracking equal to 73.3%.
 For the purpose of reducing the cost of our system, the polar East–West or
horizontal East–West tracking systems with one axis tracking are more suitable.
 Based on the obtained results, it could be concluded that for working fluids
simulated, the liquid water is the best thermal fluid as it presents many advantages:
low cost and good thermal performance.
 For very high temperatures application it is necessary to use synthetic oil.
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CONCLUSION AND FURTHER WORKS
Given the scope of the use of concentrating solar power (CSP) technologies, parabolic trough
solar collectors are an attractive technology to produce electricity from thermal solar energy.
In this dissertation:
o A comprehensive methodology for design, modeling and simulate a parabolic trough
solar collector (PTSC) has been developed.
o An overview of solar concentrating technology with a special emphasis on parabolic
trough solar collectors is performed.
o The geometric relations concerning the design of the PTSC are presented.
o An optical model for determining the solar radiation heat flux around the heat
collector element (HCE) has been first implemented.
o The solar heat flux is determined as a pre – processing task and coupled to the energy
balance model.
o The methodology of finite volume has been applied to a solar collector to discretize
the spatial and temporal domain. The set of linear algebraic equations obtained from
the discretization of the governing equations are implemented with the corresponding
boundary conditions and then solved using direct solver, the Tri – Diagonal Matrix
Algorithm.
o The overall model has been validated with experimental measurements of irradiated
receivers. Optical model is validated with data measured at the Maroua – Salack
weather station. Outlet temperature of the working fluids are calculated and validated
with Sandia Laboratories tests.
o The temperature profile of both absorber and glass envelope are depicted and has
shown a similar trend to the solar flux distribution. Predicted, results have shown good
agreement with numerical and experimental results.
o The results show that increase in HTF and absorber temperature generates increase of
heat loss as well as the decrease of heat gain.
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Based on the obtained results, it could be concluded that:
o The high optical efficiency is obtained with full tracking equal to 73.3%.
o For the purpose of reducing the cost of our system, the polar East–West or horizontal
East–West tracking systems with one axis tracking are more suitable.
o The liquid water is the best thermal fluid as it presents many advantages: low cost and
good thermal performance.
o For very high temperatures application it is necessary to use synthetic oils.
However, different improvements and further investigations can be addressed to have a
more realistic view of their behavior taking into account realistic conditions in solar plant.
One of these improvements could be the study of the non – uniformity of solar radiative flux
distribution around the circumference of the receiver tube. This leads to the possibility to
analyse the heat transfer in a parabolic trough solar collector, considering multi-dimensional
computational aspects. An improvement can also, include nanofluid flow as Heat Transfer
Fluids. Another improvement concerns the investigation of the other concentrator
technologies with the view to compare them to the PTSC.
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APPENDIX A: SOLAR CHART OF AFRICA [1]
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APPENDIX B: PHYSICAL PROPERTIES OF LIQUID WATER AND SYNTHETIC OIL
USED IN SIMULATIONS [7].

Liquid water
𝜌𝑤𝑎𝑡𝑒𝑟 = −4.95626 × 10−4 𝑇 2 − 0.23291𝑇 + 1001.8373736𝑇
𝐾𝑤𝑎𝑡𝑒𝑟 = −5.96341 × 10−6 𝑇 2 + 1.68 × 10−3 𝑇 + 0.56821
𝐶𝑝𝑤𝑎𝑡𝑒𝑟 = 0.01378𝑇 2 − 1.42026𝑇 + 4128.2371
𝜇𝑤𝑎𝑡𝑒𝑟 = −4.28265 × 10−10 𝑇 3 + 1.88979 × 10−7 𝑇 2 − 2.7774 × 10−5 𝑇 + 15.6 × 10−4
Synthetic Oil: TherminolVP-1TM
𝜌𝑜𝑖𝑙 = 850
𝐾𝑜𝑖𝑙 = −0.1729 × 10−6 𝑇 2 − 0.8708 × 10−4 𝑇 + 0.1381
𝐶𝑝𝑜𝑖𝑙 = 788.8 × 10−6 𝑇 2 + 2.496𝑇 + 1509
𝜇𝑜𝑖𝑙 = 103 (100.8703 × 𝑇 (0.2877+𝐿𝑜g(𝑇

−0.3618 ))

)

Gas: Air
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𝜌𝑎𝑖𝑟 = 𝑇+237.15
𝐾𝑎𝑖𝑟 = 7.57 × 10−5 𝑇 2 + 0.0242
𝐶𝑝𝑎𝑖𝑟 = 1008
𝜇𝑎𝑖𝑟 = 10−5 (0.0046𝑇 + 1.7176)
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APPENDIX C: SANDIA PTSC CHARACTERISTICS [17].
Absorber Length (𝐿)
Collector width or aperture (𝑎)
Focal distance (𝐹)
Absorber pipe external diameter (𝐷𝑎𝑏𝑠(𝑒𝑥𝑡) )
Absorber pipe internal diameter (𝐷𝑎𝑏𝑠(𝑖𝑛𝑡) )
Glass envelope external diameter (𝐷g(𝑒𝑥𝑡) )
Glass envelope internal diameter (𝐷g(𝑖𝑛𝑡) )
Absorber pipe thermal conductivity (𝐾𝑎𝑏𝑠 )
Glass envelope thermal conductivity (𝐾g )
Absorber pipe thermal absorbance (𝛼𝑎𝑏𝑠 )
Glass envelope thermal absorbance (𝛼g )
Glass envelope transmittance (𝜏g )
Transmittance-absorbance (𝛼0 )
Absorber pipe specific heat (𝐶𝑝.𝑎𝑏𝑠 )
Glass envelope specific heat (𝐶𝑃𝑔 )
Absorber pipe density (𝜌𝑎𝑏𝑠 )
Envelope density (𝜌g )
Absorbed pipe emittance (𝜀𝑎𝑏𝑠 )
Glass envelope emittance (𝜀g )
Reflector surface reflectivity Shape (𝜌0 )
Shape factor (𝑓)

7.8𝑚
5𝑚
1.84𝑚
0.07𝑚
0.066𝑚
0.115𝑚
0.109𝑚
54 𝑊 ⁄𝑚𝐾
1.2 𝑊 ⁄𝑚𝐾
0.906
0.02
0.95
0.864
500 𝐽⁄𝐾g. 𝐾
1090 𝐽⁄𝐾g. 𝐾
8020 𝐾g⁄𝑚3
2230 𝐾g⁄𝑚3
0.14
0.86
0.93
0.92

Figure A3: An LS-2 type collector module at Sandia National Laboratory [43].
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